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ABSTRACT 


Heat transfer effects of longitudinal vortices embedded within film 
cooled turbulent boundary layers on a flat plate were examined for 
freestream velocities of 10 m/s and 15 m/s, and for blowing ratios ranging 
from 0.47 to 1.26. Moderate strength vortices were employed having circu- 
lation to freestream velocity ratios of about 1.6 cm. Spatially resolved heat 
transfer measurements from a constant heat flux surface and mean tempe- 
rature distributions in spanwise planes show that local heat transfer is 
significantly affected by spanwise vortex position, and blowing ratio. Of 
particular significance are boundary layer and vortex structural changes 
which occur at high blowing ratios. 
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I. INTRODUCTION 


The increasing need for greater efficiency in gas turbine engines has re- 
sulted in higher turbine inlet temperatures. Consequently, combustors and 
turbine blading are subject to greater amounts of thermal stress, thermal fa- 
iigue, and creep. At present, gas turbines such as those associated with mi- 
litary applications, have inlet temperatures as high as 1800-2000 2C, [Ref. t]. 
While the development of improved alloys with higher melting points 1s part 
of the solution, the development of efficient cooling systems 1s just as 
important [Ref. 2]. In order to design an efficient cooling configuration, the 
heat transfer distributions for the gas turbine components are needed. 
Because of the complex geometries and flows involved near blades and end- 
walls, accurate convective heat transfer rates are difficult to obtain. [Ref. 3] 

Ongoren, [Ref. 4], described the flow in a turbine cascade. As the inlet 
boundary layer approaches the blade, just in front of the blade, a horseshoe 
vortex forms. At the saddle point, tt splits into a vortex on the suction side, 
and a vortex on the pressure side. The pressure side vortex becomes the 
passage vortex, moving from the leading edge of the blade towards the low 
pressure side of the adjacent blade. As the suction side vortex convects 
along the blade, it ts eventually pushed away by the passage vortex trom the 
adjacent blade. A smaller, corner vortex rotates in opposite direction to the 
passage vortex as was verified by Sieverding, [Ref. 5]. 

The passage vortex is an example of a longitudinal vortex embedded in 


a film cooled turbulent boundary layer. In most cases, an embedded vortex 
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has a cross-stream length scale approximately equai to the boundary layer 
thickness. Therefore, the vortex is capable of strongly perturbing the 
boundary layer structure and modifying the heat transfer characteristics. In 
addition, longitudinal vortices usually maintain their coherence over a long 
streamwise distance, meaning that the heat transfer effects behind an etfec- 
live vortex generator are likelv to be very persistent. [Ref. 6] 

Film cooling is used to provide a layer of cool fluid between a surtace 
and high temperature free stream gases to which it is exposed. The film 
cooling not only acts as a thermal insulator but also as heat sink for the hot 
freestream gases. The overall effect of the film cooling is to reduce the 
temperature of the developing boundary layer, which in turn reduces the 
heat transfer to the surface. In the present study, the heat flux is calculated 
from: 


q'= h(Ty - Treo) (eqn. 1.1) 


where h, includes the effect of the film cooling for constant wal! heat flux, q’, 
and constant free stream temperature, Tro. In the present experiment 
Variations of h correspond to variations of the wall temperature, Ty. When 
Tw = Tpoo, equation |.! indicates that q" = 0, which may not be the case when 
film cooling is present. 

Goldstein and Chen, [Ref. 2], defined an adiabatic wall effectiveness for 
film cooling using: 


Taw - Tr 
= liar : To (eqn. 1.2) 
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The heat transfer is then calculated from : 
q’ = hel Tw - Taw) (eqn. 1.3) 


Here, q’'= 0 when Ty = Taw with film cooling. Without film cooling Too = Taw, 
and equations |.1 and |.3 are the same. 

Numerous studies have been conducted on the eifects of film cooling on 
heat transfer, effects of secondary flows on heat transfer, and more recently, 
on effects of film cooling and secondary flows on heat transfer in a turbulent 
boundary layer. Summarizing the results of experimental research on the 
effects of secondary flows in turbine blades passages over the past decade, 
Sieverding (1984) concluded that it is absolutely essential to establish the 
significance of secondary flows at off design conditions, in particular in 
regard to leading edge vortices. 

Studying the effects of film cooling and secondary flows on heat trans- 
fer, Golstein and Chen (1985) performed an experimental! study on the influ- 
ence of the end wall on film cooling of gas turbine blades using a single row 
of injection holes. Two years later, the same authors performed a similar 
study but this ttme employed two rows of injection holes for the film cooling, 
[Ref 7]. From these two studies, the authors concluded that, in the convex 
side of the blade there ts a triangular region where coolant is swept away 
from the surface by the passage vortex, while the concave side was not sig- 
nificantly affected by secondary flows originating near the endwall. Other 


study on film cooling effects is given in [Ref. 8]. 


Eibeck and Eaton (1987), conducted a study of a longitudinal vortex em- 
bedded in a turbulent boundary layer over a constant heat flux plate. The 
authors found significant increases and decreases in local Stanton numbers, 
due to the thinning of the boundary layer on the downwash side of the 
vortex and thickening on the upwash side of the vortex. Spanwise heat 
transfer variations became larger as the circulation of embedded vortices 
increased. [Ref. 6] 

Investigating the interaction between a single weak streamwise vortex 
and a two-dimensional turbulent boundary layer, Russel, Pauley and Eaton 
(1987), observed a rapid growth of the vortex core, and a flattening of the 
core shape when the dimension of the core radius became comparable to the 
distance of the vortex center to the surface. Adverse pressure gradient 
caused an increase in the rate of core growth, and a stronger distortion of the 
core shape. These authors also provide an extensive review of work on 
vortices in boundary layers. [Ref 9] | 

In [Ref. 10], a study was conducted on heat transfer distributions and 
film cooling effectiveness on the endwall of an airfoil, using a full annular 
low aspect ratio vane cascade. The authors demonstrated the importance of 
the horseshoe vortices and secondary flows on the heat transfer and film 
cooling distributions. 

Recently, Joseph (1986), conducted a study of the effects of embedded 
vortices on heat transfer in film cooled turbulent boundary layers. The 
author showed that the effects of the vortex on heat transfer are significant 
and important : on the downwash side of the vortex, heat transfer is aug- 


mented, effects of the film cooling are negated and local hot spots will exist. 
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Near the upwash side of the vorte::, coolant is pushed to the side, appearing 
to augment the protection provided by the film cooling, [Ref. 3]. Evans 
(1987), studied the fluid mechanics of vortices in boundary layers with film 
cooling, and showed that the vortices completely dominate the flow field, 
especially near the downwash side [Ref. 1]. 

The objective of this thesis is to increase the understanding of the effects 
on heat transfer, of a longitudinal vortex embedded in a film cooled turbu- 
lent boundary layer as affected by : 1) spanwise vortex position relative to 
the location of film cooling injection holes and, 2) blowing ratio. These 
effects are important regarding turbine blade and endwall heat transfer. 
The study was carried out under a series of steps. The first, was the design 
and construction of the heat transfer test surface, followed by qualification 
test to verify uniform wall heat flux, and an energy balance to identify and 
quantify the heat losses. After completion of the experimental apparatus, 
four types of heat transfer test were conducted : (1) heat transfer data with 
developing boundary layer only, (2) boundary layer and embedded vorter, 
(3) boundary layer with film cooling only, and (4) boundary layer with film 


cooling and embedded vortex. 
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fi. EXPERIMENTAL APPARATUS 


A. WIND TUNNEL 

The wind tunne! pictured in Figure 3., built by Aerolab, was designed to 
provide a flow field from the nozzle with uniform vVelocitv and iow Lturbdu- 
lence intensity. It is designated the NPS Shear Layer Research Factily 
(SLRF). 

{. Description. 

The SLRF is a wind tunnel of the open circuit blower type with tan 
upstream and air entering the blower inlet from the surrounding room. The 
air speed through the test section can be adjusted from 5 to 40 m/s. The 
tunnel! frame has leveling screws to adjust the center line of the tunnel to a 
horizontal position. The discharge of the fan slips into the inlet of the dit- 
fuser With a 1.6 mm clearance to isolate vibrations from the fan to the wind 
tunnel body. The diffuser section contains a filter pack and a nozzle leading 
to test section. The test section is a rectangular duct, 3.048 m long and 
0.6090 m wide. It is designed with numerous pressure tabs and four 358 x 
20.3 cm access ports along each of the side walls to provide easy access. [he 
top wall is a continuous panel fabricated from 4.76 mm thick Lexan sheet. 
continuously sealed with neoprene along the edges. The ceiling height 1s 
adjustable to permit changes in the pressure gradient along the length of the 
test section. Additionally, the top wall contains numerous instrument ports 
for the measurements of various flow characteristics. The floor of the test 


section consists of three 0.6096 m and one 1.2192 m long sections which are 
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removable and replaceable. These sections are all 0.6090 m wide and are 
sealed with “O" rings around the sides. Further discussions of the wind tun- 
nel are contained in [Ref. 11] and [Ref. 3: pp. 38]. 

A schematic of the test section components with the coordinate 
svstem emploved in the present studv are shown in Figure |. An unheated 


mre 


Starting length of |.10 m exists upstream of the heated test surface. ihe in- 
lection nozzles are located 1.08 m downstream of the boundarv laver trip 
and 0.02 m upstream of the test surtace. The leading edges of the vortex 
generators are placed 0.479 m downstream of the boundary laver trip as 
shown in Figure 2. 

2. Qualification and Performance. 

Prior to its relocation, extensive qualification tests of the Shear 
Layer Research Facility were conducted by Ligrani, [Ref. 12]. Results show 
that the variation of total pressure at the exit plane of the nozzle ts less than 
0.4% at 26 m/s and 34 m/s. Mean velocity varies less than 0.7% for the 
Same mean freestream speeds. From five-hole pressure probe measure- 
ments, the velocity angle deviation is nowhere greater than 0.6 degrees at 
the nozzle exit plane. 

Profile measurements of the mean velocity and longitudinal turbu- 
lence intensity in the turbulent boundary layer developing at 20 m/s indi- 
cate normal, spanwise uniform behavior. For this qualification test, and all 
results which follow, the boundary layer was tripped near the exit of the 
nozzle with a 1.5 mm high strip of tape. For the present study, total 
pressure measurements along the test section were made after relocation of 


the SLRF, in order to adjust the top wall for zero pressure gradient. The 
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maximum pressure difference along the test section was 0.007 in of H20. 
Free stream turbulence intensity was measured to be 0.00085 {| 85 one 
hundredths of one percent or 0.085%) at 20 m/s, increasing to 0.00095 at 50 


m/s. 


B. INjECTION SYSTEM. 

The injection system provides film coolant at temperatures above um- 
bient. The coolant is ejected from a single row of injection holes into the 
boundarv laver developing along the bottom wall of the test section. Tie 
diameters of the injection holes were scaled relative to boundary laver 
thickness to be similar to a turbine blade, with 6/d ratio ranging from 0.37 to 
0.40. The free stream air is at ambient temperature, thus the direction of 
heat transfer is opposite that of a gas turbine. The temperature difference 
Tw- Tpoo range for this study has been kept less than 20 °C. to minimize the 
effects of variable fluid properties. 

The injection parameters M and 6 were scaled to resemble parameters 
near gas turbine blades where M ranges from 0.47 to 1.26 and 9 varied 
from 1.59 to 1.69. Since the average temperatures of the coolant, plate and 
freestream were approximately the same for different runs, Tre = 51 2C, and 
Tw = 40 2C and Troo 20 2C, variation of 8 was not a parameter considered in 
this study. Due to the reverse direction of heat transfer for the present ex- 
perimental apparatus Tro: Tro: Tw ratio is 1.27 :0.5- 0.55 :1.0 as compared 


to 0.67- 0.83: 1.5: 1.0 for actual gas turbines. 
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lL. Description 

Air for the injection system originates in a two stage, 150 psig 
[Ingersol-Rand air compressor, 10 HP, model # 71TD. From the compressor 
air flows through an adjustable pressure regulator, a cut-off valve, a 
reinforce flexible tubing (2.54 cm inside diameter), a moisture separator, a 
flow regulator, a Fisher and Portor rotometer (full scale 9.345E-3 m/s, 19.8 
SCFM, model # LOA5565A), a diffuser, and finally into the injection neat 
exchanger and plenum chamber. The rotometer monitors the flow rate for 
film cooling. 

A photograph of the chamber, the row of film cooling holes and 
vortex generator is shown in Figure 3.6. The chamber ts constructed of 1.27 
cm plexiglass, with outside dimensions of 0.305 x 0.508 x 0.457 m. The 
internal structure consists of three thin metal olates 0.381 x 0.508 m, 
Starting 5.08 cm from the bottom and proceeding up at 5.08 cm intervals. 
Two silicon rubber heaters, 0.381 x 0.483 m, 120 volts, are separately placed 
over the bottom two plates. The heaters are controlled through a Powerstat 
variable autotransformer, type 136. The top surface contains 13 plexiglass 
injection tubes 8 cm long each, with an inside diameter of 0.952 cm (3/8 in), 
with a !/d ratio of 8.42. The 13 injection nozzles are incline at angle of 302 , 
with a three diameter spanwise spacing between center lines. The middle 
tube ts located on the center line of the test surface. 

Three pressure taps, positioned at the center of the front and two 
side faces of the injection plenum chamber, are used to measure Po¢ - Poo. 


Three 0.254 mm diameter copper-constantan wire thermocouples with 
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welded joints are placed at different locations inside the plenum chamber to 
measure Ip. 
2. Qualification and Performance. 

Extensive qualification of the injection system was conducted bv 
Joseph, [Ref. 3: pp. 23-26]. Results show that the uniformity of the plenum 
Chamber pressure, Poe, Was satisfactory over the range ol Lhe injection con- 
ditions with differences of about 1% in the spanwise direction and a maXxi- 
mum of 4% occurring for onlv one case at low flow rate of 0.327E-4 m°/s. 
This is equivalent of a blowing ratio M of 0.004 at Uoo = |Om/S 

The plenum produces a reservoir of air at an elevated temperature 
and pressure, which is near stagnation conditions. The temperature at the 
exits of the injection tubes, Tre is different from the temperature of the 
plenum of the injection chamber, Top, due to conduction through the tubes 
surface to the surrounding air. it is more convenient to measure Ip, 
Whereas Tre is needed to calculate the injection parameters. Thus a 
relation between I'rc and Top was needed and found from experiment to be | 
Toc = 1.455 Top?-868. Because of the low velocities employed, (and negligible 
viscous dissipation), Toc ~ Tre Within a fraction of a degree. 

In order to determine injection parameters, the following quantities 
must be measured, Poo, Too Ve, Poc, Toc, and A, the area normal to the flow 
of the injection holes, designed to be 9.2633E-4 m2. The coolant velocitv is 


then given by: 


Ue = A feqgn. 2.1) 
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The static densitv ts estimated using : 


Poo 
pc re leqn. 2.2} 


The mass flux, mc, is the product of Uc and pc. To calculate the isentropic 


mass tiow, o-; and U;>; are found using 











Poo 
We (eqn. 2.3) 
Det RTop eon 
and 
2(Poc - Peo!) 
ee = el (eqn. 2.4) 
Pei 
The product of p-j and U;j for compressible flows may be given as: 
05 
ae ) 
oy 2 
p ? 
oC fh 
(rUd= Pat BD aT | 2 ey | (eqn. 2.5) 
pe | 
| i Ss 
a = 
Discharge coefficients, Cg, are then estimated using : 
PcUc | 
_ (eqn. 2.6) 
(OcUc)i : 


In order to check the injection system, discharge coefficients were 
measured as volumetric flow rate was changed. Results are given in Figure 
4 as a function of Reynolds number for 13 injection hole locations and 7 


injection hole locations. Discharge coefficients range between 0.5 and 0.750, 
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and increase with Reynolds number. For Re > 3 x 1U°, discharge coetficients 
collapse closely around a value of approximately 0.72 . Because these re- 
sults are consistent with those of [Ref. 8], satisfactory injection system 


performance 1s indicated. 


C. HEAT TRANSFER SURFACE. 

The heat transfer surface was designed and developed to provide au con- 
stant heat flux over its area. The average surface temperature mav be 
adjusted and maintained from ambient up to about 60 °C. The plate was 
constructed so that its upward facing part ts adjacent to the wind tunnel air 
stream, with minimal heat loss by conduction from the sides and beneath the 
test surface. The plate itself has been instrumented to measure tempera- 
tures with thermocouples placed just beneath the foil surface. A film of 
liquid crystals is sprayed over a layer of black paint painted on the foil. 

1. Description. 

A photograph of the heat transfer surface is shown in Figure 5.a. 
The design is based on ones used at the University of Minnesota [Ref. 13] 
and [Ref. 14], and provides more uniform heat flux and better spatial resolu- 
tion of temperature than the surface used by Joseph, [Ref. 3: pp. 27-36]. It 
consists of a thin stainless steel foil, AISI 302 full hard, 0.2032 mmx 1.3m x 
0.467 m, painted flat black with 7 layers of liquid crystals. Attached to the 
under side of the surface are 126 copper-constantan thermocouples. 120 of 
these have flattened tips and were manufactured by Marchi associates (type 
MA 396T-30-96-FEP-F]), the remaining six have round junctions and were 


manufactured by Omega Engineering, Inc. Thermocouple lead wires are 
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located in grooves cult into a triple sheet of 0.254 mm (10 mil) thick double 
sided tape, manufactured by the 3M Company), as shown in Figure 5.b. The 
grooves are then filled with RTV. A thin foil constant heat flux heater, 1.0 
mm x 1.143 m x 0.457 m, 120 V/1500 W, manufactured by Marchi 
Associates, is attached to the tape with Electrobond epoxy. Beneath the 
heater is a (2.7 mm (1/2 tn) thick lexan sheet, foilowed bv a 2).4 mm vi 
foam insulation, 82.55 mm thick styrofoam, three sheets of 254 mm each 
lexan and one sheet of 9.53 mm thick balsa wood, as shown tn Figure 7. 

Around the edges of the foil, grease was inserted between it and the 
plexiglass frame to fill any small gaps resulting from thermal expansion. In 
addition, both the upstream edge and the trailing edge were taped to the 
bottom wall of the test section. Since additional vertical movement of the 
foil above the bottom wall of the test section occurs due to thermal ¢xpan- 
sion during heating, the level of the surface 1s adjustable and maintained 
level with the test surface by adjusting screws in the plexiglass trame sup- 
porting the heat transfer surface from below. During heat transfer tests, the 
top surface of the foil remained remarkably flat and smooth with minimal 
Surtace irregularities. The surface temperature is controied dy adjusting 
input voltage to the heater using a Standard Electrical Product Co. variac, 
type 3000B. With this type of heat transfer surface, good resolution of tem- 
perature was achieved without hot spots. 

Thermocouples are placed on the surface as shown in Figure 6. In 
each of the six rows, 2! thermocouples are located 1|.27 cm apart from each 
other. The first row of thermocouples is located at 5 cm from the leading 


edge of the test surface, the second is 10 cm further downstream with 
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respect to the first, the third is {5 cm apart downstream trom the second 
row, and the rest of the thermocouple rows are 20 cm apart from each other 
2. Qualification and Performance 

The present test surface was the second one constructed for this 
experiment. The first one could not be used since it had hot spots located 
under the thermocouple iead Wires where the surrounding liner was not 
properlv attach to the heater. In the second surtace, this problem was 
remedied by increasing the thickness of the liner. 

To test the second heat transfer surface, a Huges Probeyve [hermal 
Series 4000 Video System , consisting of a infrared and video camera with 
display screen, was used. Surface temperatures were measured as the test 
surface was heated outside the wind tunnel, since the system could not see 
through wind tunnel walls. With this system temperature variations as 
small as | 2C, can be measured. The surface was observed under three ope- 
rating conditions : natural convection with a surface temperature of ap- 
proximately 35 °C, forced convection from the leading edge with a surface 
temperature of about 40 °C, and force convection from the trailing edge, 
with a surface temperature of about 40 °C. Results showed that most of the 
heat transfer surface temperatures were spanwise uniform within a fraction 
of a degree for all three tests. The only exceptions were several small! cool 
Spots with temperatures about | °C lower than the rest of the plate, located 
between rows of thermocouple lead wires near the edges of the plate. 

A second test using the liquid crystals was performed to further 
qualify the test surface. The liquid crystals, manufactured by Davis Liquid 


Crystals, Inc., are rated from 30 to 35 °C. Temperature variations as small as 
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1.2 2C can be measured with an uncertainty of + .2 2C. The test was con- 
ducted with natural convection with a surface temperature of approximatelv 
32 2C. Results were consistent with the infrared test with temperatures 
variations not greater than 1.2 °C across most of the surface. As for the 
earlv test, small hot spots were evident near some thermocouple lead wire 


locations. 


An energy balance was performed to determine the heat loss by 
conduction from the heat transfer test surface used to obtain final results. 
During the energy balance, heat loss by radiation and convection were pre- 
vented since the metal foil surface, ordinarily exposed to convection in the 
wind tunnel, was covered with three layers of 25.4 mm thick foam tnsula- 
tion. For the energy balance, and for all wind tunnel testing, foam insulation 
was also placed around the sides ot the test surtace located below the wind 
tunnel convection surface. To estimate heat loss through the insulation 
placeci on top of the foil surface, program ENERGB was emploved with an 
algorithm involving the one dimensional, linear form ot Fourter’s conduction 


eguation: 


_ AX oe 
Gy = KAS (eqn. 2.7} 


For the insulation, K is 0.4 W/m °C, A is 0.4897 m4, AX is 0.0254 m, and AT 
is the temperature drop in the X direction in °C. Heat conduction through the 


bottom and sides of the heat transfer device is then given by: 


dc = VI- qw (eqn. 2.8) 
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Here. VI is the power into the test plate, and qw is the conduction lfoss 
through the top insulation. Tests were made at five power leveis 11.02. 
13.0, 15.25, 16.52 and 18.2 Watts, chosen to give conduction losses at the 
same levels as experienced under normal operating conditions. Figure 8 
shoWS dc VS. Tw - lamb results, where Tw is the average plate surface 
temperature. A second order polynomial was fitted to this data in order to 


predict conduction losses during heat transfer measurements: 
Gc = 0.6835 + 0.954Tdiff - 0.016Tdiff2 (eqn. 2.9) 


where Tdiff = Tw - Tamb. This equation is valid over a range of Ty - Tamp 
from 10 to 30 9C. When exposed to convection in the wind tunnel, conduc- 
tion losses are only 1.5 to 2.5% of the total power, and thus, a 25% error in 
the estimate of conduction losses will cause less than a 0.5% error in the 
estimate of the heat transfer by convection. 

Radiation losses were estimated using two different approaches. 


For the first: 








4 4 
aT, - T 
i Ta) (eqn. 2.10) 
| f-e { 1-e 
mp —— 
GA, Airy eA 
and 
n 
Grad = > 4ij (eqn. 2.11) 
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(Rei. 1S]. For the second approach, 


n 
Epi-Ji i-Ji 
eae ¢: )/2y Aue (A;Fis)r} 
i= | 


(eqn. 2.12) 


Ref. 16]. The view factors, Fij for the top and each of the side waists 


estimated to be 0.54 and 0.23, respectivelv (Ref. 16], where 


ie! (eqn. Zia 


From these two methods, the radiation losses for an average plate tempera- 
ture of 40 2C were estimated to be 55 Watts, approximately 8.5% of the total 
power into the heat transfer surface. 
4. Contact Resistance Temperature Drop 

Local surface temperatures were measured using thermocouples 
placed in contact with the underside of the metal foil surface. The junctions 
of these thermocouples were held in place next to the foil with three layers 
of 0.254 mm thick double-sided lining tape and RTV_ silicon rubber epoxy. 
During the heat transfer tests, temperatures measured by the thermocouples 
were greater than those of the surface of the plate, due to thermal contact 
resistance between the thermocouples and the foil and conduction through 
the foil. The resulting temperature difference AT is given by: 


AX) | 
heA KA| (eqn 2.14) 








/ 
AT = q| 


a2 


where AX/KA accounts for conduction across ihe foil thickness and i/fcA 
accounts for the thermal contact resistance. q is the heat flux through the 
foil. The contact resistance is highly dependent on the contact pressure as 
well as the area of the surfaces tn contact. 

The value of contact resistance used in the present studv was the same 
as used bv joseph [Ref. 35]. [n hts study liquid crvstals were applied to ine 
surface to measure its temperature distribution during convection tests, so 
that AT in eqn. 2.13 could be determined. Stanton numbers from baseline 
iests matched expected correlations after accounting for contact resistance. 
The empirical relationship for turbulent boundary lavers at constant iree 
stream velocity, along a flat plate with constant wall heat flux and unheated 


Starting length of & = 1.10 m. [Ref. 14lis given by 


ee (S\9.9)\- | Sy 
StyPr?.4 = 0.03CRe, i a a a (eqn. 2.135) 


\ \ 





Data in Figures 10 and 13 show that this equation matches the data well for 
5 x 10< Rex < 2.0 x 106. From these measurements, the two terms in 
brackets in equation 2. 13 were estimated to be 0.014 2K/Watt. The same 
value was used for all thermocouples. However, on the present test plate. 
contact pressure and the area of the thermocouples in contact with the sur- 
face varied slightly from one thermocouple to another. Because contact 
resistance for each individual thermocouple may vary from this value, small 
deviations in the spanwise heat transfer coefficients and Stanton numbers 
result. which were independent of flow conditions. In the present study, the 
effects of these small variations were minimized by presenting results for 


local conditions in terms of Stanton number ratios . 


D. TEMPERATURE MEASUREMENT. 

All thermocouples employed in the present study are type-I, copper- 
constantan thermocouples. 120 of these were manufactured by Marchi 
Associates, Inc and attached beneath of the heat transfer surface. These 
thermocouples, have a flattened junctions, so that they may be placed in 
800d contact with the surface. One of these thermocouples was calibrated 
using a temperature regulated bath consisting of liquid nitrogen and electric 
heaters and a platinum resistance temperature reference (+ 0.01 9C). The 
calibration wa3 performed over the temperature range of 0 - 45.32 29C. A 


second order was used to convert microvolts to temperature : 

T = 0.018205 + 0.025846E - 0.000000581E¢ (eqn. 2.16) 
where: 

E = microvolts x 106 Volts (eqn. 2.17) 


This calibration was used for all Marchi Associates thermocouples attached 
to the plate, since all thermocouples indicated very similar behavior as 
temperatures were cnanged. 

Thermocouples manufactured by Omega Engineering Co. were used to 
measure six plate temperatures, as well as temneratures of the plenum air, 
freestream air, and the boundary layer as traverses were made. The calibra- 
tion of Joseph, [Ref. 3.: pp. 37], was first verified, and then used for all of 


these measurements except the traverses: 
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T = 26.573E - 1.937E2 + 0.998E> - 0.26154 (eqn. 2.18) 
Here, 
E = millivolts x 1000 (eqn. 2.19) 


Temperatures surveys of T - Teo, were performed using the automated 
traversing device. For this, two thermocouples manufactured by Omega 
Engineering were used, after calibration using the technique mentioned 
above. Simultaneous measurement of free stream temperature was made 
for every boundary layer location to minimize scatter due to wind tunnel 
temperature drift. For the thermocouple mounted in the probe that travels 
the flow field, the following equation was used to convert voltage to 


bemiperature: 


. . 


T = 0.1836 + 0.025667E - 0.0000004882E¢ (eqn. 2.20) 


For the thermocouple used to measure the free stream, the equation 


employed was: 
Too = 0.07832 +0.0231054E - 0.0000006786E4 (eqn. 2.21) 


As before, E = microvolts x 106. The automated traversing mechanism has 
two degrees of freedom which allowed measurement of a plane the flow 
field. Each survey consisted of 800 probe locations, covering an area of [2 
cm x 22cm. Both, spanwise and vertical traversing blocks are mounted on a 
20-thread per inch drive screw and two ground steel case hardened steel 


guide/support shafts. Each drive shaft is directly coupled to a SLO-SYN type 


MVO92-FD310 steeping motor. Motors are controlled by a MITAS two-axis 
Motion Controller. Both the motors and the controller are manufactured by 
The Superior Electric Co. The MITAS controller comes equipped with 2K 
bytes of memory and a MC68000, |6-bit microprocessor which allows the 
user to program the start, stop, duration, speed.acceleration and deceleration 


of the steeping motors. 


E. DATA ACQUISITION SYSTEM 

The data acquisition system was designed to rapidly measure thermo- 
couple voltages and convert them to temperature in degrees C. Using these 
temperatures along with user supplied information on ambient conditions, 
freestream conditions, power input, and flow rates into the injection 
chamber, the system calculates free stream velocity, densitv, local heat 
transfer coetficients, Stanton numbers, spanwise averaged Stanton numbers, 
and injection parameters such as blowing ratio and discharge coefficient. 

1. Hardware 

A Hewlett-Packard Series 300, Model 9836S computer, equipped 

with a MC68000, 8 MHz 16/32-bit processor, dual 5-1/4 inch floppy disk 
drives, and 1M bytes of memory RAM, was used in the study. The computer 
was used to process signals from the data acquisition system as well as the 
information supplied by the user in order to process, store, display and print 
results. An HP Think Jet printer was used to print data, and an HP 7470 two 
pen plotter was employed for graphics. Voltages from the thermocouples 


are read by an HP-3497A Data Acquisition/Control Unit with an HP-3498A 
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Extender. The unit communicates with the computer through a HP-829737A 
Interface. 

2. Software. 

Programs STANFCI, STANFC2 and ACQTPRO were developed to 
process temperature and Stanton number data, program ENERGB was deve- 
loped to estimate the conduction losses, and programs PISLU, PISTAY. 
PLSTRVOR, PLSTRTIO, PLSTRFC, PLSTVV, SURFCONT and PLOTRUN were 
developed for plotting data. Ail these programs are listed in Appendix C. 
The data files created bv the heat transfer programs are listed in Apnoendix 
D. 

Programs STANFC! and STANFC2 are modified versions of STDATI, 
which was developed by Ligrani, Ortiz and Joseph, [Ref. 3.: pp. 41]. Program 
STANFC1L prompts the user if film cooling is being used. [f the answer is 
affirmative, the program prompts the user to enter the percentage of Ilow to 
the injection chamber from the rotometer and the pressure difference 
between the injection chamber and the static pressure in the wind tunnel. 
These inputs are transformed to SI units and stored in a data file named 
‘FILDT”. The program continues by prompting the user for the stagnation 
pressure of the free stream (in inches of H20), the ambient pressure (in Hg), 
the current (Amps) and voltage supplied to the heater. The program then 
reads the thermocouple voltages and converts them into temperatures. 
These are then stored in a data file named “TDAFC". After all temperatures 
have been calculated, the free stream density and velocity are calculated. 


Parameters previously calculated such as the free stream density, tree 
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Stream velocitv, ambient pressure, and the power in are stored in a data file 
named “IDAFC’. 

Program STANFC2, processes the data files TDAFC, [DAFC and FILDT. 
The program begins by prompting the user whether a vortex generator ts 
being used or not, then it accounts for conduction, radiation losses and 
contact resistance. It continues bv calculating local heat transfer coeitictenis 
and Slanion numbers, average spanwise Sianton numbers and kevnolus 
number based on downstream distance. These data are printed out and two 
data files, “STRFCV" and “STAY”, are created. In “STRFC” the local heat 
lranster coefficients and Stanton numbers are stored, along with their 
spanwise position and downstream positions along the test plate. Spanwise 
averaged Stanton numbers with their corresponding down stream Revnoids 
numbers, are located in “STAV". The last section of the program includes a 
subroutine to calculate film cooling parameters, such as discharge coelti- 
cients, density ratios, mass flux ratios, momentum flux ratios and blowing 
rate. 

Program ACQTPRO, developed by Ortiz, acquires temperatures from a 
thermocouple probe mounted on the auicmalic traversing device and from 
another thermocouple that senses the freestream temperature. This pro- 
gram was used to create the data to plot the temperature surveys of T - Teco. 
The program begins by prompting the user for the downstream distance 
from the boundary layer trip, the number of points in the spanwise direction 
where temperatures are going to be measured, the number of points in the 
vertical direction, the spanwise resolution tn inches, the vertical resolution in 


inches and the initial position of the probe with respect to the plate, in both Z 


and Y coordinates, in inches. A matrix of data points is then computed. 
Freestream temperature is calculated and ambient conditions are input. The 
program then enters a loop which samples each temperature 25 times per 
probe position and 5 times the free stream temperature. Upon acquiring 
these temperatures and obtaining their respective average, T - Teo is calcu- 
lated for each probe location. The temperature difference aiong with their 
respective cuordinates are stored tn a matrix. At the end of the data 
collection run, these values are read into a data tile named [PRO”, on a 


floppy disk. These data are plotted using program “TPROPUN’. 


[I]. EXPERIMENTAL RESULTS 


A. BASE LINE MEASUREMENTS 

Heat transfer measurements were made at free stream Velocities of 10 
m/s and 15 m/s, without vortex and without film cooling. [hese were done 
in order to determine how heat transter from the plate compares with 
existing correlations. These measurements validated and qualified the per- 
formance of the heat transfer plate and measurements procedures used. 
Results are given in Figures 9-11 for 10 m/s, and in Figures 12-13 for 15 
m/s. 

Figure 9 shows the spanwise uniformity of the local heat transfer coetfi- 
cient of the test surface at 10 m/s. Except for row 1, the spanwise unitfor- 
mity is very good with maximum variation of 10% (based on the average tor 
a given row). These smal! variations are probably due to slight differences 
in the spatial uniformity of the heat transfer test surface, especially diffe- 
rences in the conduction contact resistance between different thermocouples 
and the metal foil, which comprises the top of the heat transter plate. Larger 
Spanwise variations for row | are believed to be due to multi-dimensional 
heat transfer by conduction through the leading edge and through the front 
corners of the test plate in addition to the contact resistance. These varia- 
tions are not as large as those observed by Joseph [Ref. 3: pp. 45, 77-78]. 

The spanwise-averaged Stanton Numbers for !0 m/s are shown in Fi- 
gure 10. Six data points are shown, where each corresponds to a different 


thermocouple row. The data shows excellent agreement with the empirical 
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equation for turbulent boundary layers on a flat plate at constant [ree 
stream velocitv, with constant heat flux and unheated starting length of x = 
1.10 m [Ref. 15]. 

1. (Rps}oun 


St.Pr94 = 0.030Re.” | 
Su MR] 


A survey of IT - Tco in degrees Centigrade was obtained at X = 1.48 m, 
using a calibrated copper-constantan thermocouple, positioned using the 
automated traversing device. Results are shown in Figure 11, for Unwo=l0 
m/s with no vortex and no film cooling. In this figure, results for an area 
normal to the flow of 11 cm x 20 cm. are given, as measured using 800 
probe positions. The survey evidences good spanwise uniformity of the 
temperature boundary layer. 

Figure 12 and 13 show the spanwise variations of the heat transfer 
coefficient and averaged Stanton numbers as function of Reynolds number 
for 15 m/s free stream velocity. Results are consistent with those obtained 
for 10 m/s. In Figure 12, the data show good spanwise uniformity, except 
for the first row, where variations are slightly larger than for the 10 m/s 


case. In Figure 13, the data again show excellent agreement with equation 


1). 


B. BOUNDARY LAYER WITH SINGLE VORTEX 
Heat transfer measurements were made at free stream velocities of 10 
m/s and 15 m/s with an embedded longitudinal vortex and no film cooling. 


These were done to further qualify the heat transfer surface for spatially re- 


41 


solved heat transfer measurements. To produce the vortex. vortex generator 
*=2 (see joseph [Ref. 3: pp 76]), was positioned 0.479 m downstream trom the 
boundary layer trip, and 4.79 cm in the positive Z-direction, as shown in 
Figure 2. 

The spanwise variation of local St/Sto for 10 m/s and 15 m/s are pre- 
sented in Figures 14 and 15, respectively. Here, Sto is the local Stanton nuni- 
ber without an embedded vortex. In both of these, the effect of the vortex 
on wall heat transfer is evident. The Stanton number ratios approach | 
away from the vortex. As Z decreases from +1l5cm, the ratios increase until 
maximum values of 1.2 and 1.25 are reached for 10 and 15 m/s, respec- 
tively. These maxima correspond to locations on downwash sides of vor- 
tices, where secondary flows result in boundary layers which are locally 
thinner than at other locations. For -5.0<Z<0.0 cm a large gradient of heat 
transfer exists at each downstream location. The location of this gradient 
moves to smaller Z as the vortex develops downstream. For smaller Z, 
Stanton number ratios for {0 and {5 m/s, reach minima of 0.92 and 0.90 at 
locations which correspond to the upwash sides of vortices. Here, the 
boundary layer is locally thicker than at other locations. 

The results in Figures 14 and 15 are in excellent quantitative agree- 
ment with those of Joseph [Ref. 3: pp. 87-88], for the same experimental 
conditions, (The sign of the Z coordinate in this experiment is opposite to 
the one employed by Joseph). The results in 14 and 15 also show qualita- 
tive agreement with the measurements of Eibeck and Eaton [Ref. 6], where 
small quantitative differences are a result of different vortex generator 


peometries. 
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C. BOUNDARY LATER WITH FILM CCOLING 

in order to further qualify the heat transfer surtace and the film cooling 
injection system, measurements were made with film cooling without em- 
bedded vortex. Results were obtained at 10 m/s. at@ = 1.614, 1.699 and 
150 with blowing ratios of 0.68, 0.98 and 1.26 respectivelv, and at 1) m/3. 
at 9 = 1.593 and 1.386 with blowing ratios of 0.47 and 0.86 respectively 
Results are presented in Figures 16-30. 

Figures 16-18 show the spanwise vartations of St/Sio at 10 m/s, tor 
blowing ratios of 0.68, 0.98 and 1.26, respectively. The first data set was 
obtained using |3 injection holes, which produce a film wide enough (25.4 
cm) to cover the entire span of the measuring heat transfer surface. Because 
of the limitations on the secondary air supply, 9 and 7 intection holes were 
required to produce blowing ratios of 0.98 and 1.26, respectively. [n these 
cases the coolant was injected such that it covered a portion of the center 
span of the heat transfer test surface. Consequently, Stanton number ratios 
are higher near the edges of the plate, as shown in Figures 17 and 18. The 
latter Figure for only 7 injection holes, shows this effect to be particulariv 
significant, however, in spite of this a large spanwise uniform area exists in 
the center portion of the plate where adequate spanwise averages may be 
obtained. Apart from this, the spanwise uniformity of Stanton number ratios 
in Figures 16-18 is excellent with a maximum deviation of about 10 percent. 

Figures 19 and 20 show the spanwise variations of the Stanton number 
ratios at 15 m/s. Results tor blowing ratios of 0.47 and 0.86 were obtained 


using 15 and 7 injection holes respectively. Spanwise variations in Figures 
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{9 and 20 are larger than in Figures 16-18, though qualitative trends are 
verv simular. 

A summary of spanwise averaged St/Sto as dependent upon Revnolds 
number is given in Figure 21. Graphs showing individual curves are pre- 
sented in Figures 22- 26, where averaged St/Sto are given for blowing 
ratios of 0.68, 0.98 and 1.26 at 10 m/s, and 0.47 and 0.86 at 15 m/3, respec- 
uvelv. Reterring to Figure 21, the lowest St/Sto are observed for M = U8 at 
[0 m/s and for M = 0.47 at [5S m/s. For each individual data set, the lowest 
ralio ts present for the two rows of thermocouples nearest the film cooling 
holes, where X/d_ is 7.35 and 17.48. Here, X is distance from the down 
stream edge of the injection holes, and d the injection hole diameter. The 
data in figures 21-26 are plotted as function of the blowing ratio in figures 
27 and 28. Results in 21-28 are qualitatively consistent with the fullv tur- 
bulent measurements of Goldstein and Yoshida, [Ref. 15], also for a single 
row of injection holes. 

Two surveys of T - To in degrees C were obtained in the film cooled 
turbulent boundary layer at X = 1.48 m, X/d = 41.94. Both surveys were 
made at afree stream velocity of 10 m/s, with M = 0.98 and a coolant injec- 
tion temperature of 51 °C. In one case, the plate was heated to 40 2C (Figure 
30.), and tn the other, the plate was maintained at the free stream tempera- 
ture (Figure 29.). The latter experimental arrangement with unheated plate 
allowed the determination of the presence and distribution of heated film 
coolant as indicated by higher temperatures. In Figure 30 with a heated 


plate, the locations of coolant jets are evident as local hot spots near the wall. 
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Comparing these results to ones in Figure |1. without film cooling shows that 


the thermal boundary layer is about twice as thick. 


D. BOUNDARY LAYER WITH SINGLE VORTEX AND FILM COOLING 

In this part of the study the effect of an embedded vortex on a film 
cooled turbulent boundary layer was studied. This section of the experiment 
was conducted in four different parts. For all the parts of the experiment 
the same vortex generator was employed. The first consisted in repeating 
Joseph data, [Ref. 3. : pp. 97-104]: Uoo= 10 m/s, vortex generator #2 at Z = 
479 cm and blowing ratio, M = 0.68, in order to provide additional check on 
measurements, equipment and procedures. In the second step, a blowing 
ratio of M = 0.98 was employed, at Un. = 10 m/s. The position of the vortex 
was changed to three different locations with respect to test section center 
line. Vortex position A corresponds to vortex generator at Z = 3.52 cm, vor- 
tex position B to Z = 4.79 cm, and vortex position C to Z = 6.06 cm. In the 
third step, a freestream velocity of 15 m/s, with M = 0.47 were employed, 
in order to study the effect of blowing ratio. In the fourth part, a blowing 
ratio of M = 1.26, at Ueo = 10 m/s was employed, in order to study the effeci 
of high blowing ratio. Here, information was also obtained on changes in 


boundary layer structure which occurred for higher blowing ratios. 


1. eestream | /s, Blowing ratio = 0 eat of 


joseph data. 

These heat transfer measurements were obtained to compare with 
those of Joseph, {Ref. 3]. He first showed that embedded vortices cause sig- 
nificant changes in heat transfer in film cooled turbulent boundary layers. 


This finding is also evident from the present study. To obtain the present 
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data set, vortex generator #2 was placed at position B, and all 15 injection 
holes were used tor film cooling. Results are presented in Figures 3la.-31J, 
and in Figure 52. Overall effects are now discussed. The embedded vortex 
produces a thicker boundary layer in the upwash side thus augmenting the 
film cooling protection. Near the downwash side, the boundarv laver is lo- 
caliv thinner, and the protection provided bv the film cooling ts minimized. 
The undercooled region produced on the upwash side vortex 1s very per- 
sistent not onlv in the down stream direction, but also tn the spanwise 
direction. Here, Stanton numbers are .5 to 5.5 percent lower than those in 
boundarv layers with film cooling onlv. 

Figures 3l.a-f., show the spanwise variation otf the Stanton number 
ratios, St/Sto with film cooling and embedded vortex. Here, Stis the local 
Stanton number and Sto ts the Stanton number for the same location and 
free stream velocity but without film cooling and without embedded vortex. 
A St/Sto = | thus indicates an undisturbed thermal boundary layer. As 
shown in the set of Figures 31.a - 31f, the lowest St/Sto is 0.55 at X = 1.15 m, 
X/d = 7.35, and the maximum is 1.025 at X = 2.00 m, X/d = 96.59. If these 
results are compared with those of joseph [Ref. 3. : pp. 97-103], a general 
qualitative agreement can be observed. Differences are due to im- 
provements in the present heat transfer test plate, espectally better 
spanwise temperature resolution and more uniform heat flux. 

Figure 32. shows surface contours of St/Stf. Here, St is the local 
Stanton number, and Stf ts the local Stanton number at the same location 
with film cooling but without embedded vortex. A verv steep heat transfer 


gradient ts present which is near the same location as the axis of the vortex. 
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At the upstream end of the plate this gradient is located near Z2=-2cm. A 
not spot is present at larger Z, and a region of high heat transfer is present at 
smaller Z on the upwash side of the vortex. These results are in qualitative 
agreement with those of Joseph [Ref. 3.: pp. 104], except the most significant 
hot spots are located further downstream in the present study. 
2. ree stream i) m/s, Blowing ratio, M = 0.93 

{n order to achieve the blowing ratio used for this data. ¥Y tnjection 
holes were employed for film cooling. Here, injection covers the midspan of 
the test plate trom -i2cm<24< 12cm. Vortex generator #2. was placed 60) 
cm upstream of the row of injection holes, at vortex position A, B and ©. to 
investigate the effect of the vortex position with respect to film cooling 
injection holes. Results are presented in Figures 33 - 42. 

a. Data overview. 

Spanwise variations of St/Sto for the vortex position B are 
shown in Figures 33a-33f. These data show the same overall qualitative 
trends as measurements at 10 m/s and M = 0.68 (Figure 31). With embed- 
ded vortex, the normalized Stanton numbers tn 33a-35f are increased on the 
downwash side and decreased on the upwash side relative to the boundary 
layer with film cooling only. The only significant quantitative difference 
between these results and those in 31 are higher St/Sto at X/d = 17.48 and 


at X/d = 33.59 resulting from a less effective film cooling at M = 0.98. 
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b. Effect of downstream development. 
In Figures 35a - 33f, a double peak of St/Sto 1s present at X/d 
= 17.48, and at X/d = 33.59. As the boundary layer develops further down- 
Stream, one peak becomes smaller (Z ~ -2.0 cm), and one increases in mag- 
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iarge peak. This 5t/Sto peak increases in magnitude to become equal to 1.U5. 
or about 34 percent greater than the St/Sto with film cooling only. st/Su 
data in Figure 54. indicate that this hot spot cs" rs an area along the center 
and spanwise downstream half of the plaie. Such behavior evidences nighlv 
three-dimensional interactions within the boundary layer. 

Figure 34 shows the St/Stf distribution for vortex position B 
and M =0.95. A steep neat transfer gradient is evident along the the length 
of the test surface, which corresponds to the path of the vortex center. Tunis 
path is at an angle to the streamwise direction, moving to smaller Z as the 
vortex convects downstream. Compared to results for M = 0.58 in Figure 32, 
the heat transfer gradient is steeper, and a larger region where St/Sti is less 
than | is present over the top third of the test plate. This follows since a 
larger amount of coolant is swept by the vortex at higher blowing ratio. 

For Z values smaller than those along the location of the vortex 
center, Figure 33 shows values of Stanton ratios which are about 5 per cent 
lower than those with film cooling only. The same trend is evident in Figure 
34, where almost 1/3 of the plate shows 0.90 < St/Stf < 0.98. These locations 
are on the upwash side of the vortex. where film coolant seems to be pushed 


and spread over avery large portion of the plate. Similar phenomena were 


observed by Goldstein and Chen, [Refs. 2 and 7], in a study of film cooling of 
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a turbine blade with injection through one and two rows of holes in tne 
near-endwall region. 

Figures 35a- 35d show the T - Teo temperature field as it de- 
velops downstream at X/d = 41.9, 82.9, 109.2 and 147.0. For these tests, 
film cooling jets were heated to 51 2C without providing anv neat to the test 
olate. Thus, the temperature fieid shows how tlutd from the film cooling 
holes 1s convected and distorted bv the vortex, where higher temperatures 
indicate greater amounts of coolant. [he most dramatic etfect evident trom 
Figures 35a-d occurs on the upwash side of the vortex, where coolant is 
lifted away from the thermal boundary layer which is ordinarily about 4 cm 
thick with film cooling. At X/d = 41.9 fluid affected bv the film cooling is 6.5 
cm trom the surface, and at X/d = 147.0, the temperature field ts more than 
LQ cm from the surface. Also, evident are covuier temperatures with down- 
Stream development resulting as coolant is convected and diffused. [ne 
areas indicated by low St/Sto and St/Stf values correspond to 0. <« Z< -5. cm, 
where coolant seems lifted from the surface to accumulate in one small! area. 
Figures >5a-d clearly show how the coolant is pushed and spread over an 
area by the vortex, and how this area increases in size, as the flow convects 
downstream. 

On the downwash side of the vortex, secondary flows cause 
freestream fluid to be located very near the wall. Here, the thermal bound- 
ary layer is greatly thinned and very little effect of the film cooling remains. 
From Figure 35c for X/d = 82.94, the local hot spot is located at to0 <«Z. -5 
cm, which seems to indicate that film coolant is moved to other locations in 


the boundary laver bv the vortex. 
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In Figure 36, the temperature field is presented for an expe- 
fiment in which the heat transfer plate is heated to 40 2C and film coolant to 
51 2C. The temperature difference contours show the same qualitative 
trends as in Figure 35. In particular, the positions of many temperature 
gradients and the dimensions of the area affected by the vortex are about 
the same. Results in Figure 36 are different from those in 35 since : (1) it is 
not as easy to discern which part of the temperature field is due to film 
cooling only, (2) overall temperature differences are larger, and (3) local hot 
spots corresponding to film cooling locations are more easily discernable 
every 3 cm starting at Z = -12 cm. 

The temperature gradient at Z = -14 cm, corresponds to the 


spanwise edge of the film cooling for blowing rate of M = 0.98. 


c. Effect of spanwise vortex position. 

To study the effect of the vortex position relative to the film 
cooling injection, the vortex position was changed from A to B to C locations. 
Distributions of St/Sto are shown in Figures 33, 37 and 40, distributions of 
St/Stf in Figures 34, 38, 41 and distributions of T - Too are given in Figures 
35, 39 and 42. Regardless of the vortex position, the following phenomengz 
were observed :(1) on the upwash side of the vortex a low heat transfer 
region exists, where St/Sto is less than for a film cooled turbulent boundary 
layer only, (2) on the downwash side of the vortex a wide region of high 
St/Sto exists, because of thinning of the boundary layer by the vortex, and 
(3) at X/d = 7.4, the film cooling dominates the flow and the vortex seems to 


have very little effect on the heat transfer. 
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Comparisons of Figures 33, 37 and 40, show that for iow 4/d 
values up to 17.5, a double peak in the St/Sto distributions ts present for 
vortex positions A and B. At X/d = 35.6 and further downstream for vortex 
positions A and C, the double peak in St/Sto distributions starts to grow 
spanwise enlarging the portion of the plate covered bv the hot spot. in these 
eases, 5i/Sio peaks are not as high as for the vortex position B case liigure 
eee MAXimum St/Sto of 1.05 was observed for the vortex position & al 
X/d = 96.6, or about 30 percent greater than the St/Sto with film cooling 
only. Low St/Sto and St/Stf regions on the upwash side of the vortex were 
observed for all three vortex positions. These were less significant for 
position C, while varying between 2—- 6 percent for the other two vortex 
positions. 

St/Stt distributions from Figures 34, 58 and 40 show that ihe 
location, shape and size of the hot spot vary depending on the vortex span- 
wise position. In Figure 34, for vortex position B, this hot spot is located 
from the middle length of the plate, growing in size as the vortex develops 
downstream. For vortex position A, the hot spot is shifted upstream and ts 
not as wide, nor as long as for position B. For vortex position C, the hot spot 
begins early upstream but persists further downstream, but it does not 
reach the end of the test section, and it is very narrow. A region of high heat 
transfer is observed in all three cases, but this area is larger for vortex post- 
tion A, covering about 2/3 of the test plate. A heat transfer gradient is 


aligned along the vortex center for all three vortex positions, but it 1s 


Steeper and more persistent for vortex position B. The region of low heat 
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transfer, where St/Stt is less than |, is largest for position B and smallest tor 
position C. 

Figures 35, 39 and 42 show the T - Too temperature field in 
degrees C for X/d = 41.9. For these results the heat transfer plate was 
Mdintained at the freestream temperature and the coolant was heated to 5| 
°C, (unheated plate). Overall qualitative trends for all three vortex positions 
are similar: coolant is lifted away the wall bv the upwash side of the vortey , 
on the downwash side of the vortex, secondary flows cause the freestream 
fluid to be located very near the wall, making the boundary layer verv thin 
and minimizing the effect of the film cooling. A significant spanwise gradient 
in temperature exists which is located near the vortex core, and extends 
about 5 cm trom the wall. As expected, the spanwise location of this gradt- 
ent changes with vortex position. The effect of the downwash side of tne 
Vortex is most significant for vortex position B. For this case Figure 35a 
shows that the boundary layer is thinned such that it only extends 2 cm 
from the wall. Significant changes also occur near the upwash side of the 
vortex where secondary tlows from the vortex convect film coolant away 
from the wall. The most significant changes in this part of the flow occu: for 
vortex position C. 


3. Free stream 15 m/s, blowing ratio, M = 0.47. Effect of 
low blowing ratio. 


Measurements were made at Us =15 m/s, with a blowing ratio 
M of 0.47, in order to determine the effect of low blowing ratio on heat 
transter. These tests were also conducted to obtain additional verification of 
general conclusions from results obtained at 10 m/s and M = 0.98 blowing 


ratio. For these tests, vortex generator #2, was used at positions A, B and C. 
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Results are shown in Figures 45 — 48. Distributions of St/Sto are shown in 
figures 43. 45, and 47, and distributions of St/Sif are given in Figures 44 46 
and 438. 

From a general qualitative point of view, the results at 15 m/s and 
M = 0.47 are similar to those of 10 m/s and M = 0.98. The most significan! 
quantitative difference is thal St/Sto Maxima are nigher, and St/Sto minima 
are iower for M = 0.47. I[n addition, the peaks of local heat transter seem ic 
increase more rapidlv with downstream distance. At the downstream end oj 
the plate where X/d = 96.6. local St/Sto for M = 0.47 mav be as high as 1.1} 2 
compared to about 1.05 for M = 0.98. The rapid downstream growth of these 
maxima becomes more apparent when one considers the film cooled bound- 
arv layer alone, since St/Sto ratios at M = 0.47 are lower than those at M = 
0.98. 

At M = 0.47, the effect of changes in the spanwise position of the 
vortex are much less significant than at M = 0.98. At higher blowing ratio, 
many quantitative changes in the local heat transfer result as the vortex 
position ts Changed. I[n particular, primary and secondary peaks of St/Stoa 
were observed at X/d = 17.5 and 33.6 for vortex position B, and X/d = 54.6 
and 75.6 for vortex position C. At the M = 0.47 blowing ratio, the shapes of 
St/Sto distributions for different vortex positions are very similar, especially 
for X/d = 54.6, 75.6 and 96.6. Generally, quantitative changes for M = 0.47 
occur only in the spanwise locations of the St/Sto maxima and minima. At 
X/d = 7.4, the effect of the vortex position changes is minimal and the 
Spanwise heat transfer rates are mostly affected bv the film cooling. At V/d 


= 17.5 both primary and secondary St/Sto peaks are present for all three 
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vortex positions. The only significant St/Sto changes with vortex postition ac- 
cur at X/d = 53.6 where a small secondary St/Sto peak ts observed whem tie 
vortex is located at position A only. Such behavior indicates that the effects 
of tilm cooling at M = 0.47 do not persist as far downstream as at higher 
blowing ratios. In addition, the vortex seems to more completely dominaie 


tne flow field as the blowing ratio decreases. 





4. Free stream 10 m/s, blowing ratio, M = 1.26. Eivect of 
high blowing catio. 


In order to study the effect of high blowing ratio on the film cooled 
turbulent boundary layer with embedded vortex, measurements were made 
at Us. = 10 m/s. with M = 1.26 and the vortex at position B. Results are 
shown in Figures 49- 52. 

The St/Sto and St/Stf data in 49 and 50 show the same overall 
qualitative trends shown by measurements at M = 0.98, 0.47, and 0.68 : 
augmented heat transfer near the downwash side of the vortex and reduced 
heat transfer near the upwash side. Also, at X/d = 7.4, film cooling rather 
than the vortex dominates the spanwise variation of heat transfer. The most 
important quantitative differences between these results and thase at other 
blowing ratios are the magnitudes of St/Sto with film cooling only. Figure 26 
shows M = 1.26 St/Sto data at 10 m/s which is, on the whole, greater than 
data at M = 0.68, but just lower than results for M = 0.98. Results presented 
in Figure 49 reflect the same overall trends. 

Details of the spatial variations of normalized Stanton numbers in 
Figures 49 and 50 are now discussed. At X/d = 17.5, 35.6 and 534.6 double 


peaks in St/Sto distributions are present. These seem to result from inter- 
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action between cooling jets and the vortex, occurring at Z = -2— -3> cm and al 
P=2—5 cM. 

Contours of T - Too (2C), at X/d = 41.9 tn Figure S51. show that the 
peak near +2—35 cm results from the downwash of free stream fluid to near 
wall regions by the vortex. The corresponding St/Sto peak increases in 
magnitude as the the boundary taver convects downstream reaching mse- 
naitudes as high as 1.05 at X/d 75.6 and 96.6. At these downstream ivcalions. 
augmented St/Sto cover a large spanwise portion of the film cooled test sur- 
face extending from -5 cm to +5 cm (Figures 49 and 50). Magnitudes ot 
St/Sto maxima in these hot spots at M = 1.26 are about the same as those at 
M = 0.98. 

Figure 50 shows the heat transfer rate over the test plate in terms 
of Si/Stf. Here, the hot spot ts located from X/d = 54.6 to X/d = 96.6. This 
region 1s very large, confined to the downwash side of the vortex. [The tem- 
perature gradient on the upwash side of the vortex ts not verv steep in some 
streamwise locations. A comparison between Figure 50 and Figure 32 where 
M = 0.68, show that, the hot spot is present at the same spanwise and 
streamwise location in both cases, but in 50 the hot spot is thinner, and the 
area of low St/Sto on the upwash side of the vortex is larger. 

Temperature contours at X/d = 41.9 in Figure 51, show that the 
St/Sto peak at Z = -2—-3 cm. lies beneath a region of large temperature gra- 
dients very near the vortex center. Figure 52d. shows strong secondary 
flows at this location which apparently sweep coolant further from the vor- 
tex center (to smaller Z), such that it collects near -5 .Z -8 cm. Contours of 


vorticity magnitude, calculated from these secondary flow vectors for M = 
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1.26 vortex position B, are shown in Figure 52e. These show that (1) the 
core of the primary vortex is located at Z = -2 cm., Y = 3.5 cm., and (2) that 
the secondary peak in heat transfer is not a result of any form of secondary 
vortex. Augmented mixing is initially created by the secondary flows 
beneath the vortex center, resulting in locally higher heat transfer. This se- 
condary peak shown in Figure 49 at X/d = 17.5, 33.6 and 54.6 eventually 
becomes indistinguishable at larger X/d equal to 75.6 and 96.6. The se- 
condary peak is bigger and more persistent than at M = 0.98, indicating that 
the shear layer interaction causing higher heat transfer is dependent upon 
the mass flux of film cooling. 

Another important feature of the results in Figure 51 is the gradient 
of heat transfer present at Z = -L0-—-12cm.for0<Y< 50cm. This gradient 
is present at the edge of the film cooled region : coolant was injected from 
only 7 holes extending across a span from -9 cm. to +9 cm. 

Additional flow field information at X = 1.48 m, X/d = 41.9 ts given 
in Figures 52a.—c for 10 m/s, M = 1.26 and vortex position B. Data was taken 
using a five-hole pressure probe, [Ref. 1|.: pp. 14-15], to measure pressure at 
800 points in a spanwise plane in order to further investigate the effect of 
the high blowing ratio in the turbulent boundary layer with embedded vor- 
tex. These results are consistent with those of Evans, [Ref.1]. They show : (1) 
that high velocity, high total pressure fluid is swept near the wall on the 
downwash side of the vortex, (2) a velocity and total pressure deficits exist 
at the center of the vortex, and (3) low velocity fluid is swept away from the 


wall near the upwash side of the vortex. Vorticity contours in 52e. show a 
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large region of negative vorticity in the upwash region,(-8 < Z< -4 cm). In 
addition, two other regions of negative vorticity result from the secondary 


flows present. 
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IV. SUMMARY AND CONCLUSIONS. 


Heat transfer measurements were made of turbulent boundary layers 
with film cooling and embedded vortices for freestream velocities of 10 and 
15 m/s . To obtain the data, a heat transfer test surface was designed and 
developed to provide constant heat flux over its area, with 126 embedded 
thermocouples for detailed spanwise resolution of temperature. Extensive 
qualification tests show tia the surface gives excellent spatially resolved 
heat transfer coefficients over an area of 43.815 cm x 1111.76 cm. 

Baseline measurements show excellent agreement with Stanton number 
correlations for a flat plate with constant wall heat flux and unheated start- 
ing length. Results of turbulent boundary layer with embedded vortex show 
excellent agreement with Joseph, [Ref. 3.], and with the literature. Results of 
turbulent boundary layer with film cooling at different blowing ratios show 
expected trends, consistent with the data of Goldstein and Yoshida, [Ref. 18]. 

Longitudinal vortices cause significant changes in heat transfer and 
structural characteristics of film ccoled turbulent boundary layers. Heat 
transfer augmentations as large as 30 percent, and reductions as high as 10 
percent were observed to persist as many as 23 boundary layer thicknesses 
or 96 film cooling hole diameters downstream of film cooling injection loca- 
tions. The effects of the embedded vortex on heat transfer in film cooled 


boundary layers are significant and important : 


1.) Near the downwash side of the vortex the heat transfer is augmented, 
vortex effects totally dominate the flow behavior, and the effects of 
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the film cooling are negated. ‘Hot spots " will exist for blowing ratios 
ranging from 0.47 to 1.26, and vortex circulation to freestream velocity 
ratios of about 1.6 cm. 


2.) Near the upwash side of the vortex, the coolant is lifted off the wall and 


pushed to the side of the vortex, increasing the surface area protected 
by the film cooling. 


3.) Changing the position of the vortex with respect to the film cooling jets 


results in significant local quantitative changes in heat transfer occur, 
even though the overall qualitative trends remain unchanged. 


4.) Near film cooling injections locations for X/d up to 7.4, the film cooling 


dominates the flow behavior and the vortex seems to have very little 
effect on spanwise variations of heat transfer. 


Results (1) and (2) are mostly a consequence of the intense secondary 


flows produced in the plane perpendicular to the axis of mean vorticity. 


These results are consistent with those obtained by Joseph, [Ref. 3.: pp. 54], 


and Evans, [Ref. 1.: pp. 281. 


At high blowing ratios: 


i.) A double peak in the St/Sto distributions was observed to occur 


between X/d = 7.4 and 54.6. 


2.) The change in spanwise position of the vortex in relation with the film 


cooling jets affects the magnitude, shape and spanwise position of 
St/Sto peaks, and 


Secondary St/Sto peaks become higher in magnitude and more 
persistent with respect to downstream development as the blowing 
ratio increases. The double peaks observed at M = 1.26 were not due 
to a secondary vortex, but to an interaction between the vortex and 
film cooling which depends on biowing ratio. 
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At low blowing ratios: 


1.) The change in spanwise position of the vortex has very little effect on 
local heat transfer distributions except to change the locations of 
Stanton number minima and maxima, and 


2.) St/Sto distributions exhibit only one peak which increases in magni- 
tude with downstream development. 


[It is recommended that flow visualization study of the interaction of the 
vortex and film cooling be conducted in order to enhance the understanding 
of some of the complex phenomena observed during the course of this 


study. 
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Fig. 2. Vortex Generator Position. 





Fig. 3a. Experimental Set-up 
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Fig. 5a. Heat Transfer Test Plate 
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Fig. 5b. Detail Of Heat Transfer Plate 
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APPENDIX B 


UNCERTAINTY ANALYSIS 


Lnecertaint’ analvsis Was performed using ihe methaud propused oV 
Kline and McClintock [Ref. 19]. This is the root sum square method. where 
the uncertainiv, og . of some function F, 1s a function of the indesendent 


Vartadies X,, according to the following expression: 
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SS Bee a ree 
Of = Z at ie LOCine Can 
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aa | 


vw 


Ail uncertainties are based on 95% confidence leveis. fo caicuiate the 
uncertainty of the Stanton number, it 1s necessary to calculate first the 
uncertaintv in the heat transfer coefficient, h. The following independent 
Variable uncertainties were determined : 4, = + 16 W/mé¢, 6ty = t 0.5 2C, dry 
-+Q.1 °C. Here, the uncertainty of heal loss bv convection was based op a 
J’ error in radiation losses and 2.5% error in conduction losses. The 
uncertainty of Tw is higher than Teo due to higher uncertainty in the 
calculation of the contact resistance. From these parameters the uncertainty 
of h was determined to be 4.8% or approximately + 1.7 W/m< °C. based on an 
h value of 35 W/m2 °C. 

To calculate the uncertainty of the Stanton number. besides the uncer- 
tainty of the heat transfer coefficient, the following independent variable 


uncertainties were determine : dgc0 = + G.01 Kgs Mm, Seo = 20.5 ms and Cy = 


164 


= .0J/<o °K. The uncertainty of Cp Was based on the assumption oi cGustant 


+ 


Meopertics. from tnesé parameters tne unceriaints Pe Oe em olerilot, fein see 
was calculated to be + 6.04%, or approximately 1.87 x 10-4 based on a tvpical 
Stanton number of 0.0035. The uncertainty of St/Sto is derived from ihe 
narameters already mentioned and was estimated to be + Jl or 2 O% 
based on a Si/Sto of 0.75. 

To calculate the uncertainty of the blowing ratio. Vi. along the uncer- 


Lainty Values determined for Uso and Ooo, the following independent 


—_ 
us “a io = . ope —“— HA 


maaole UNCEfainites Were: dUinj = 2 :.0 M/%, and Spigj = 2 Ca a M-. ihe 


uncertainty of Uinj is higher than Uso due to higher uncertainty of the 
rotometer and the area of the injection holes, and the uncertainty of pin; is 


also higher than poo due to higher uncertainty in the estimation of Tig; from 


eo 5 ‘ wa 


Tp. From these parameters the uncertainty of M was calculated to be - 
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Merenout = 0 0Ss7c for a M value of 0.98 
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APPENDIX C 


SOFT WARE 


ihe following programs are listed 


Slee 


ACOTPRO - 


PLOTRUN : 


PTSTAV 


FSi 


Pico tee): 


— ~ 


efers\ Jdidiice estimation iO Cong emai es 


meat i aesier proon" i to Co fe (ier mecelrre 
fie irom oe \5., and store inicr mation time 


heat transfer program to caiculate Stanton numbers 
for all flow conditions 


neal transter program to acquire temperatures from 
automatic traversing device for temperature surve 


program to read a data file to plot temperature 
contours 


programs read a data file to plot spanwise averaged 
Stanton numbers vs. Reynolds number 


reads a data file to plot spanwise local heat transter 
coelficients 


plots spanwise St/Sto for film cooling only. 


PLSTRVOR: plots spanwise variations of St/Sto for embedded 


vortex data only 
plots spanwise Variations of St/Sto for film coolin 


only and St/Sto for film cooling and embedded vortex 
DV rows, 
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SURFCONT: plots surface contours of St/Sty 


d 


PUSTREC : alots ssanwise variations of local St/Sto for film 
cooling data only. 


Name ot variables used are intended to be self explanatorv 
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